Background. The effectiveness and cost-effectiveness of using neoadjuvant FOLFIRINOX (nFOLFIRINOX) for patients with borderline resectable or locally advanced pancreatic ductal adenocarcinoma (BR/LA PDAC) are unknown. Our objective was to determine whether nFOLFIRINOX is more effective or costeffective for patients with BR/LA PDAC compared with upfront resection surgery and adjuvant gemcitabine plus capecitabine (GEM/CAPE) or gemcitabine monotherapy (GEM). Materials and Methods. We performed a decision-analysis to assess the value of nFOLFIRINOX versus GEM/CAPE or GEM using a mathematical simulation model. Model transition probabilities were estimated using published and institutional clinical data. Model outcomes included overall and disease-free survival, quality-adjusted life-years (QALYs), cost in U.S. dollars, and cost-effectiveness expressed as an incremental cost-effectiveness ratio. Deterministic and probabilistic sensitivity analyses explored the uncertainty of model assumptions.
Results. Model results found median overall survival (34.5/28.0/22.0 months) and disease-free survival (15.0/14.0/13.0 months) were better for nFOLFIRINOX compared with GEM/CAPE and GEM. nFOLFIRINOX was the optimal strategy on an efficiency frontier, resulting in an additional 0.35 life-years, or 0.30 QALYs, at a cost of $46,200/QALY gained compared with GEM/CAPE. Sensitivity analysis found that cancer recurrence and complete resection rates most affected model results, but were otherwise robust. Probabilistic sensitivity analyses found that nFOLFIRINOX was cost-effective 92.4% of the time at a willingness-to-pay threshold of $100,000/QALY. Conclusion. Our modeling analysis suggests that nFOLFIRI-NOX is preferable to upfront surgery for patients with BR/ LA PDAC from both an effectiveness and cost-effectiveness standpoint. Additional clinical data that further define the long-term effectiveness of nFOLFIRINOX are needed to confirm our results. The Oncologist 2019;24:945-954 Implications for Practice: Increasingly, neoadjuvant FOLFIRINOX has been used for borderline resectable and locally advanced pancreatic cancer with the goal of rendering them resectable and decreasing risk of recurrence. Despite many efforts to show the benefits of neoadjuvant over adjuvant therapies, clinical evidence to guide this decision is largely lacking. Decision-analytic modeling can provide a methodologic platform that integrates the best available data to quantitatively explore clinical decisions by simulating a hypothetical clinical trial. This modeling analysis suggests that neoadjuvant FOLFIRINOX is preferable to upfront surgery and adjuvant therapies by various outcome metrics including quality-adjusted life years, overall survival, and incremental cost-effectiveness ratio.
INTRODUCTION
Pancreatic cancer is among the deadliest forms of cancer and is the fourth leading cause of cancer mortality in the U.S., with an estimated 48,960 new diagnoses and 40,560 deaths in 2015 [1] . Pancreatic ductal adenocarcinoma (PDAC) constitutes the vast majority (>85%) of cancers of the pancreas [2] . The majority of patients with PDAC have metastatic disease at presentation, whereas only 20% of patients present with upfront resectable disease [3, 4] . The remainder of PDAC patients present as either borderline resectable or locally advanced disease, but the definitions for what constitutes borderline resectable and locally advanced PDAC have historically varied across institutions [5] [6] [7] [8] [9] , and radiographically determined resectability may be unreliable [4] .
Survival remains low, even for those who undergo surgery and achieve successful resection with clear margins (R0); estimates suggest 5-year survival rates of 20% for these patients [10] . Furthermore, more than 80% of PDAC tumors recur with distant metastatic disease over the patients' remaining lifetime [11] . Because of the high recurrence rates after surgical resection, oncologists often employ adjuvant chemotherapy with or without radiation therapy with the goal of improving cure rates and survival. Prior studies suggest that adjuvant treatment can improve overall survival in patients with resectable tumors by reducing recurrence [12] [13] [14] [15] .
With the advent of more effective therapies for metastatic PDAC, efforts to incorporate these agents, such as FOL-FIRINOX [16] and gemcitabine/Nab-paclitaxel [17] , into the neoadjuvant setting are increasing. More recently, FOLFIRI-NOX has been used in early-stage and locally advanced patients with the goal of rendering them resectable and allowing patients to undergo curative resection surgery [4, 18, 19] . However, the effectiveness and cost-effectiveness of using neoadjuvant FOLFIRINOX (nFOLFIRINOX) for patients with potentially resectable PDAC is currently unknown.
Although treatment for patients with potentially resectable PDAC is currently experiencing a shift in treatment from adjuvant to neoadjuvant therapies at many institutions, clinical evidence to guide this decision is largely lacking. In circumstances such as these, where trial data are limited, decision-analytic modeling can provide a methodologic platform that integrates the best available data to quantitatively explore clinical decisions by simulating a hypothetical clinical trial between competing strategies. Therefore, we sought to develop and analyze a mathematical decision-analytic model to estimate the long-term clinical outcomes and costeffectiveness of neoadjuvant FOLFIRINOX compared with surgery followed by adjuvant gemcitabine monotherapy or gemcitabine/capecitabine for patients with borderline resectable or locally advanced PDAC.
MATERIALS AND METHODS

Model Overview
We constructed a decision-analytic state-transition patientlevel model, also known as a microsimulation model, in TreeAge Pro (TreeAge, Williamstown, MA). States in the model included the various health states associated with the two strategies modeled, including cancer undergoing treatment, complete surgical resection, incomplete resection, cancer recurrence, palliative care, second-line chemotherapy, and death (Fig. 1) . Possible causes of death included age-related mortality [20] , PDAC, surgical mortality, and postsurgical complications. The Markov cycle length or time between state transitions was 1 month. The model simulation began with a hypothetical cohort of 1 million 60-year-old individuals with borderline resectable or locally advanced PDAC who were followed until death. In each cycle (1-month period), the simulated patient could remain in the same state, progress to metastatic cancer, or die from age-related all-cause mortality [20] . We initially estimated transition probabilities between the various health states using data from the literature and then modified or calibrated to achieve good fit to clinical targets. We describe the process of model verification below.
Neoadjuvant FOLFIRINOX Therapy
Patients in the nFOLFIRINOX strategy were modeled to first receive eight cycles, 2 weeks per cycle, of FOLFIRINOX, prior to surgical resection, consistent with published literature and clinical trials [4, 16, 18, 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . When there were limited published data, we used the Massachusetts General Hospital (MGH) neoadjuvant cohort to inform model inputs. In this group, a proportion (60%) of the cohort received chemoradiation for 6 weeks with low-dose capecitabine; hence, our modeled nFOLFIRINOX strategy represented a hypothetical cohort in which a majority received chemoradiotherapy. Patients in the model could drop out of the neoadjuvant therapy arm (35%) or have minor complications with hospitalization and then resume therapy. For a proportion of those who dropped out, we assumed that they progressed to metastatic disease and thus received second-line gemcitabine/Nab-paclitaxel (65%) [17] . The remainder of those who dropped out were assumed to be unable to tolerate second-line therapy and would receive palliative care alone (35%).
The model included the possibility that simulated patients could experience multiple minor adverse events or complications throughout treatment, consistent with the rates of adverse events in published literature for each chemotherapy regimen. Following completion of all treatment cycles, patients who did not drop out because of adverse events or disease progression underwent surgical resection. We assigned these patients a risk for 30-day surgical mortality as well as surgical complications based on published reports [4, 30, 38] . Patients could receive either a complete or incomplete surgical resection, and would then undergo surveillance for cancer recurrence. We estimated postoperative survival using published data supplemented by estimates from institutional data (Massachusetts General Hospital) of borderline resectable or locally advanced PDAC patients based on resection status and lymph node positivity [22] [23] [24] [25] [26] [27] [28] [29] . For all three strategies, those with positive lymph nodes had greater risk of death during the first year after surgery [21] , and patients assigned to receive palliative care alone faced a fixed total cost and estimated survival of 4 months [30, [39] [40] [41] [42] .
Surgery Followed by Adjuvant Gemcitabine Monotherapy or Gemcitabine/Capecitabine
All patients in the adjuvant gemcitabine monotherapy (GEM) or gemcitabine/capecitabine (GEM/CAPE) strategies would undergo upfront resection surgery prior to receiving six cycles, 4 weeks per cycle, of adjuvant chemotherapy. They also faced the same risk of surgical mortality as the nFOLFIRINOX strategy and risks of surgical complications according to published reports [4, 30, 38, 43] . Severe complications due to chemotherapy toxicities could lead to discontinuation of adjuvant therapy (37%). We assumed that a proportion of patients would drop out because of cancer progression and would receive second-line FOLFIRINOX (65%) [16] . The remainder of those who dropped out were assumed to be unable to tolerate second-line therapy and receive palliative care alone (35%). Similar to the other strategies above, simulated patients could have multiple complications due to chemotherapy toxicities throughout treatment, and they could receive either a complete or an incomplete surgical resection. We based patients' postoperative survival on published data for upfront resectable PDAC patients by resection status and lymph node positivity [12, 14, 15, 44, 45] .
Parameter Estimates
Model parameters or inputs were estimated from the literature. For the nFOLFIRINOX strategy, we used MGH patient data when published data were not available. Base-case values and ranges used in sensitivity analyses are summarized in Table 1 .
Costs and Quality of Life Utilities
Costs were estimated from a third-party payer perspective; no indirect costs were included. Chemotherapy drug costs for nFOLFIRINOX, GEM, and GEM/CAPE were based on 2018 average sale price by the Centers for Medicare and Medicaid services (CMS) [46] . Hospitalization costs for grade 3/4 adverse events were based on published sources of Medicare reimbursement rates using the CMS Physician Fee Schedule [47] [48] [49] . Rates of grade 3/4 adverse events and subsequent hospitalizations were derived from clinical trial data and two Canadian studies of metastatic PDAC patients [12, 14, 18, 25, 30-32, 45, 50, 51] . Using the aforementioned hospitalization costs and rates, we estimated an average cost of hospitalization per chemotherapy cycle. All costs were inflation-adjusted to 2018 [52] .
The nFOLFIRINOX strategy's low-dose capecitabine and radiation therapy and hospitalization for adverse event costs were estimated from a published cost study that used a nationally representative claims and encounter database for upfront resectable PDAC patients [53] . Inpatient costs for PDAC were estimated from a Surveillance, Epidemiology and End Results-Medicare study, which reported monthly direct inpatient medical costs attributable to locoregional resectable and locoregional unresectable pancreatic cancer [54] . Surgical resection costs were estimated from a prospective pancreatoduodenectomy micro-cost analysis, which included equipment, operating room, operating room staff, postanesthesia care, anesthesia, pharmacy, and radiology costs [55] . Secondline chemotherapy costs for FOLFIRINOX and gemcitabine/ Nab-paclitaxel in metastatic PDAC patients were estimated from an analysis that sourced drug costs from Medicare average sale prices and Medicare reimbursement rates for administration and adverse event management costs [56] .
The model incorporated costs of nFOLFIRINOX and complications, GEM and complications, GEM/CAPE and complications, second-line chemotherapy regimens, resection surgery and complications, inpatient costs, and palliative care. We inflation-adjusted all costs to 2018-year dollars. See references for cost estimates in Table 1 . We incorporated quality of life (QoL) utilities or disutilities for nFOLFIRINOX, GEM, GEM/CAPE and associated toxicities into the model. Because of limited data, we used the disutility value associated with GEM and GEM/CAPE therapy, which likely underestimates the full toxicity of the more aggressive GEM/CAPE strategy. Because utility values for patients with early PDAC were not published or available, the disutility values for nFOLFIRINOX and GEM were largely drawn from studies on metastatic PDAC patients [45, 50, 51] . Resection surgery and recovery periods had QoL decrements applied for 2 weeks. Patients also had QoL adjustments to correspond to either stable disease states or disease progression states (i.e., recurrence to local or distant progression). We derived the QoL utility value for palliative care from published literature on endof-life care. See references for QoL estimates in Table 1 . All costs and QoL estimates were discounted by 3%.
Outcomes
Our primary outcomes included quality-adjusted life-years (QALYs) and the incremental cost-effectiveness ratio (ICER) to assess the cost-effectiveness when comparing the three strategies using an efficiency frontier. We used a willingness to pay (WTP) of less than $100,000/QALY as the threshold to classify a strategy as cost-effective. Additional endpoints assessed included life expectancy (unadjusted life-years), total costs, and secondary clinical endpoints frequently reported in oncology clinical trials, such as median disease-free survival and median overall survival.
Modeling Analysis Performed
We performed a base-case analysis using best estimates for all model parameters to provide the primary results.
We conducted one-way deterministic sensitivity analyses to investigate the effects of changes in model parameters on Additionally, we performed a probabilistic sensitivity analysis, where model input parameters were varied simultaneously. We first assigned distributions for specific parameters or model input variables and then performed 1,000 iterations of 1,000,000 patients to gain further insight into the optimal strategy under uncertain conditions within our defined WTP threshold.
Model Verification
We calibrated our model by varying model inputs such as recurrence rates, survival after recurrence, chemotherapy dropout rates, and R0 rates within the bounds published in literature. We verified our model outputs by checking them against independent clinical endpoints. For nFOLFIRINOX, our calibration targets were median overall survival of 21.2-37.7 months and median disease-free survival of 13.0-22.6 months [19, [22] [23] [24] [25] [26] [27] [28] [29] . Because of limited follow-up data in the published literature, we had broad estimates for median overall survival and median disease-free survival for the nFOL-FIRINOX strategy targets. We conducted extensive literature review and chart review of MGH patients to approximate a clinically meaningful calibration target (Institutional Review Board: 2002P000154). For the GEM strategy, our calibration targets were overall survival of 22.8 months and median disease-free survival of 11.6-15.3 months [14] . We also used a Kaplan-Meier survival curve to verify the model outputs (supplemental online Fig. 1 ). For the GEM/CAPE strategy, our calibration targets were median overall survival of 28.0 months and median disease-free survival of 13.9 months, as shown in the recently published ESPAC-4 study [45] . The survival targets for GEM and GEM/CAPE were largely drawn from studies on upfront resectable cohorts [14, 45] .
RESULTS
Base-Case Results
The base-case results are presented in Table 2 . When the simulated cohorts were followed until death, the nFOLFIRI-NOX strategy resulted in 0.66 more QALYs than the GEM strategy and 0.30 more QALYs than the GEM/CAPE strategy, 0.91 more LYs than the GEM strategy and 0.35 more LYs than the GEM/CAPE strategy, and cost $43,950 more than the GEM strategy and $13,850 more than the GEM/CAPE strategy, respectively. The nFOLFIRINOX strategy was cost-effective compared with the GEM/CAPE strategy with an ICER of $46,200 per QALY, the comparator strategy on the efficiency frontier as seen in Figure 2 .
Survival Results
Median overall survival was 34.5 months for the nFOLFIRI-NOX strategy, 28.0 months for the GEM/CAPE strategy, and 22.0 months for the GEM strategy. Median disease-free survival was 15.0 months for the nFOLFIRINOX strategy, 14.0 months for GEM/CAPE strategy, and 13.0 months for the GEM strategy.
Sensitivity Analysis
We performed one-way sensitivity analysis to determine the impact of various model inputs on the cost-effectiveness outcomes (Fig. 3 ) and found that model results were most sensitive to recurrence rate and R0 rate. When we analyzed the model using the upper end of the range or maximum recurrence rate for the nFOLFIRINOX strategy or the minimum R0 rate for the nFOLFIRINOX strategy, the ICER exceeded $100,000 per QALY and the nFOLFIRINOX strategy was not most cost-effective. Otherwise, the model results were robust with respect to changes in other model parameters including utility values, complete resection rate, chemotherapy toxicity, surgical complications, and mortality.
We also conducted probabilistic sensitivity analyses to assess the impact of model input uncertainty on the costeffectiveness results. The nFOLFIRINOX strategy was the cost-effective strategy 92.4% of the time with a WTP threshold of $100,000 per QALY (Fig. 4) . The nFOLFIRINOX strategy remained cost-effective 57.0% of the time with a WTP of $50,000 per QALY, and 98.7% of the time with a WTP of $150,000 per QALY (Fig. 5) . Probabilistic sensitivity analyses results comparing GEM/CAPE versus GEM and nFOLFIRINOX versus GEM at various WTP thresholds are available in supplemental online Figures 2, 3 . 
DISCUSSION
Based on the results of our simulation modeling analysis, we found that neoadjuvant FOLFIRINOX is the optimal strategy of those evaluated for the treatment of borderline resectable or locally advanced PDAC patients by various endpoints. The nFOLFIRINOX was the most cost-effective strategy, as the incremental cost of nFOLFIRINOX per quality-adjusted life-year gained compared with the second most effective strategy (GEM/CAPE) was below the willingness-to-pay threshold. Alternatively stated, the cost of the clinical benefit was not prohibitively expensive. It was also superior by various outcome metrics including quality-adjusted life years and overall survival (unadjusted life-years) compared with the other two treatment strategies.
Our analysis of the cost-effectiveness of neoadjuvant FOLFIRINOX for patients with borderline resectable or locally advanced PDAC provides valuable new information, as prior analyses studied the clinical benefits and cost-effectiveness of FOLFIRINOX in the metastatic stage settings [16, 50, 51 ]. An older previously published cost-effectiveness analysis studied the quality-adjusted and unadjusted survival benefit of neoadjuvant chemoradiotherapy in upfront resectable PDAC largely as a "thought experiment" and did not include newer, more effective treatments such as FOLFIRINOX or other multimodal systemic therapies [72] .
Perhaps even more importantly, the modeling platform we used allows for assessment of endpoints that are not possible even with the results of large, well-designed clinical trials. The incorporation of patient quality of life into the clinical outcome, resource use or cost, and overall survival for the entire cohort until death is particularly important when a subset of patients could achieve cure. When additional trial data become available, we will be able to update many of our model inputs and rerun our analyses.
Our study has limitations. First, when there were no published data to inform model construction, we used a cohort of patients from the MGH who received neoadjuvant FOLFIRINOX therapy. The use of different data sources may introduce bias in the analysis (e.g., the patients treated at MGH may have better outcomes because of selfselection, referral bias, or receiving superior care compared with the average population of pancreatic cancer patients). This relatively small group from a single institution also did not receive uniform treatment. At MGH, after completion of chemotherapy and prior to surgical resection, a multidisciplinary team of surgeons, radiologists, oncologists, and radiation oncologists evaluates results of restaging computed tomography scans to determine if patients should receive a short course or long course of chemoradiotherapy prior to re-evaluation for surgical exploration. In addition, there were limited data to inform model inputs for costs and the disutilities in quality of life for the nFOL-FIRINOX strategy. However, in all instances in which data for the nFOLFIRINOX strategy were limited, we consistently adopted the more conservative estimates by using data from metastatic patient cohorts, thereby theoretically biasing our cost and quality-of-life results against neoadjuvant FOLFIRINOX, or toward the null. It is therefore possible, and arguably even likely, that our model may be underestimating the effectiveness of neoadjuvant FOLFIRINOX, although additional data will be necessary to confirm or refute our assumption. Second, because of the limited data on the different treatment modalities, our study only compared neoadjuvant FOLFIRINOX with adjuvant gemcitabine monotherapy and gemcitabine/capecitabine. We await new data from ongoing clinical studies to further improve and validate our modeling analysis [34, 35, 37, 73] . Results from further investigations involving other therapies such as neoadjuvant gemcitabine/Nab-paclitaxel in the borderline resectable or locally advanced setting will enable additional comparisons of potentially viable treatment strategies [33, 36, 74] . Finally, the limited data for model construction raise concerns about the uncertainty in model outputs or results. However, a critical strength of our model is that we verified that our model outputs were consistent with independent clinically meaningful endpoints related to survival in all three modeled strategies.
CONCLUSION
Our modeling analysis suggests that neoadjuvant FOLFIRI-NOX is more effective and cost-effective for patients with borderline resectable or locally advanced PDAC compared with the current standard adjuvant treatment options of gemcitabine or gemcitabine/capecitabine. Although our results provide valuable new insights about the value of neoadjuvant FOLFIRINOX for patients with potentially resectable PDAC, future clinical trials with sufficient patient recruitment and follow-up duration are needed to confirm our results and further define the long-term efficacy of neoadjuvant FOLFIRINOX for this population.
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